Staphylococcus aureus and Staphylococcus epidermidis ferritin (FtnA and SefA, respectively) homologues are antigenic and highly conserved. A previous study showed that ftnA is a component of the S. aureus PerR regulon with its transcription induced by elevated iron and repressed by PerR, which functions as a manganesedependent transcriptional repressor. We have further investigated the role of iron and Fur in the regulation of PerR regulon genes ftnA (ferritin), ahpC (alkyl-hydroperoxidase), and mrgA (Dps homologue) and shown that iron has a major role in the regulation of the PerR regulon and hence the oxidative stress response, since in the presence of both iron and manganese, transcription of PerR regulon genes is induced above the repressed levels observed with manganese alone. Furthermore the PerR regulon genes are differentially regulated by metal availability and Fur. First, there is an additional level of PerR-independent regulation of ftnA under low-iron conditions which is not observed with ahpC and mrgA. Second, there is a differential response of these genes to Fur as ftnA expression is constitutive in a fur mutant, while ahpC expression is constitutive under low-Fe/Mn conditions but some repression of ahpC still occurs in the presence of manganese, whereas mrgA expression is still repressed in the fur mutant as in wild-type S. aureus, although there is a decrease in the overall level of mrgA transcription. These studies have also shown that FtnA expression is regulated by growth phase, but maximal transcription of ftnA differs dependent on the growth medium. Moreover, there are significant regulatory differences between the S. aureus and S. epidermidis ferritins, as sefA expression in contrast to that of ftnA is derepressed under low-Fe/Mn ion conditions.
Iron is an essential micronutrient, which is required for many key metabolic processes in both bacterial and mammalian cells. However, since high levels of free intracellular ferric iron are toxic to cells, the amount of free iron in the cytoplasm must be strictly regulated. In bacteria, global regulators such as Fur usually mediate this iron regulation. Three Fur homologues have been identified in Staphylococcus aureus, Fur, PerR, and Zur. Fur is an iron-dependent repressor that tightly regulates the expression of high-affinity iron transporter mechanisms in S. aureus (10, 20) , while PerR responds to both metal ion limitation and peroxide stress (10, 11) . Analysis of PerRmediated gene regulation has shown that while there are many similarities in the PerR regulatory pathways in different bacteria, there are also significant differences in the response of PerR to environmental signals. Bacillus subtilis PerR represses the oxidative stress resistance genes coding for alkyl hydroperoxidase (ahpC), the Dps homologue mrgA, and catalase (katA) in response to the presence of manganese and, to a lesser extent, iron (7, 9) . In S. aureus PerR similarly mediates the oxidative stress response by repressing katA, ahpC, and mrgA, but unlike B. subtilis, genes within the S. aureus PerR regulon are induced by iron but repressed under irondeficient and manganese-rich conditions (10, 11) . Zur appears to be involved in zinc-mediated gene regulation (14) .
Staphylococcus epidermidis also appears to have three Fur homologues (8; unpublished observations), but the roles of these proteins in the regulation of iron homeostasis have yet to be determined.
An additional mechanism for overcoming intracellular iron toxicity is to remove free iron from the cytoplasm by compartmentalizing the iron into specialized intracellular iron storage proteins. This results in a reserve of nontoxic iron that can be used as a nutrient source during conditions of iron starvation. Intracellular iron storage has been studied in gram-negative bacteria, but there are still many questions concerning the mechanisms and regulation of the entry and exit of iron into the storage proteins and the contribution of iron storage to virulence.
Ferritins are the major iron storage proteins found in eukaryotes (H chain) and gram-negative prokaryotes (2) . They are highly conserved spherical proteins composed of 24 subunits surrounding a central iron storage cavity with the capacity to store up to 4,500 iron atoms. Each subunit is folded into a four-helix bundle typically containing a well-conserved ferroxidase active site. Ferroxidase activity is required for the oxidation of Fe 2ϩ to Fe 3ϩ during the uptake and storage of iron by the ferritin protein. From recent studies it appears that the main functions of ferritins in gram-negative bacteria are iron storage and protection against metal toxicity and oxidative stress, but there is significant variation in the function and regulation of ferritins in different bacterial species. Escherichia coli, Porphyromonas gingivalis, and Campylobacter jejuni ferritins are required for maximal growth under iron-restricted conditions (1, 18, 19) , but the C. jejuni ferritin also has an important role in protection against iron-mediated oxidative stress that is not observed in E. coli or P. gingivalis. In contrast, the primary role of the Helicobacter pylori ferritin appears to be in protecting this gastric pathogen against metal toxicity (4) . There are also differences in the regulation of ferritin expression between the different organisms. The E. coli ferritin is indirectly induced by Fur under iron-rich conditions, as Fur represses the small RNA RhyB, which directly represses ferritin transcription in the absence of iron (1, 15) , while the H. pylori ferritin is repressed by Fur under iron-restricted conditions. Bereswill et al. (4) suggest that in H. pylori Fur has a direct role in the repression of ferritin under low-iron conditions, mediated by an increase in the ratio of iron to other metal ions so that when iron is scarce, other metals become dominant over iron, resulting in Fur-mediated repression. The regulation of the C. jejuni and P. gingivalis ferritins has not yet been determined.
Until recently, no iron storage proteins had been identified in staphylococci. However, during their analysis of the Per regulon in S. aureus, Horsburgh et al. (11) identified a ferritin homologue by N-terminal amino acid sequencing of a protein which was upregulated in a PerR mutant. This study showed that transcription of ftnA and other PerR-regulated genes was induced by iron and repressed by the manganese-dependent PerR transcriptional repressor as elevated levels of manganese repressed transcription of the PerR regulon genes in wild-type S. aureus 8325-4 but not in the isogenic perR mutant (11) . However, in this report we show that PerR regulation is far more complex than previously reported; iron plays a key role in PerR-mediated regulation, and the PerR regulon genes are differentially regulated by metal ion availability and by Fur. Moreover, we describe the identification of a ferritin homologue in S. epidermidis and show that there are significant regulatory differences between the S. aureus and S. epidermidis ferritins in response to metal ions.
MATERIALS AND METHODS
Bacterial strains and growth conditions. S. aureus strains RN6390B and BB and S. epidermidis strains 901 and 570 were from our laboratory culture collections. S. epidermidis strains 100721 and 81/1157 were fresh clinical isolates obtained from Public Health Laboratory Service, London, United Kingdom. S. epidermidis Tu3298 was a kind gift from F. Gotz. S. aureus wild-type strain 8325-4 and isogenic mutant strains MJH001 (8325-4 per::kan) and MJH010 (8325-4 fur::tet) were kind gifts from M. Horsburgh and S. Foster, Sheffield, United Kingdom (10, 11) . All staphylococcal strains were cultured aerobically at 37°C in Luria-Bertani (LB) broth or agar, with tetracycline (5 g/ml) or kanamycin (50 g/ml) added when required. Staphylococci were routinely cultured under ironrestricted conditions by growing statically for 18 h at 37°C in RPMI 1640 tissue culture medium, containing 2 mg of NaHCO 3 per ml, which had been depleted of iron by batch incubation with 6% (wt/vol) Chelex 100 (Sigma Ltd.) and then supplemented with 10% RPMI 1640 to provide trace elements required for growth (CRPMI) (16) . CRPMI cultures were incubated in 5% CO 2 in air (16) . The concentrations of iron and manganese in CRPMI are Ͻ1 M (unpublished observations). Where indicated the medium was supplemented with 10 M ferric citrate and/or 10 M MnCl 2 .
In some experiments S. aureus was grown in a two-stage protocol to obtain logarithmically growing cells. Initially 10-ml volumes of bacterial culture were grown for 18 h as described above in RPMI 1640 tissue culture medium before pelleting of bacteria at 3,500 ϫ g for 5 min and resuspension in 1 ml of CRPMI. One-hundred-microliter volumes of the bacterial suspension were then used to inoculate fresh 10-ml volumes of CRPMI, and cultures were incubated at 37°C in 5% CO 2 in air for 4 h. Ferric citrate and/or MnCl 2 (10 M each) was then added to the appropriate cultures, and incubation continued for a further 3 h before bacteria were harvested for analysis. Alternatively, to assess ferritin expression at different times during growth, bacteria were grown overnight in RPMI and resuspended in CRPMI as described above before inoculation into CRPMI-10 M ferric citrate. Cultures were incubated at 37°C in 5% CO 2 in air and harvested at 4 h (log phase), 8 h (late log phase), or 24 h (stationary phase) post inoculation.
E. coli XL1-Blue or BL21 DE3 (Novagen) was cultured at 37°C in LB broth or agar. Following transformation with recombinant plasmids, kanamycin (50 g/ ml) was added to the medium for growth of these strains.
Long-term stocks of bacterial strains were stored at Ϫ80°C in 10% (vol/vol) glycerol in LB broth.
DNA preparation and manipulation. Genomic and plasmid DNA was prepared and manipulated as described by Morrissey et al. (16) .
Northern blot analysis. Staphylococcal RNA was extracted using a Qiagen RNeasy total RNA kit, but with lysostaphin (100 g/ml) added to the initial cell lysis step. Sample loadings were adjusted and equally loaded based on optical density measurements of the bacterial cultures. Equally loaded RNA samples and RNA markers (Promega) were electrophoresed on 1.5% agarose-formaldehyde gels and then transferred to Hybond Nϩ membrane as described in Promega's protocols and applications guide (3rd ed.). The Northern blots were incubated overnight at 50 C with digoxigenin-labeled DNA probes (Boehringer Mannheim) obtained by random priming of PCR products from S. aureus RN6390-B and S. epidermidis Tu3298 genomic DNA. Primers used for generation of DNA probes were ftnA (F2pF 5Ј-CACCTGCAGGAGGTGTATCAAA ATGTTAAG-3Ј and FerSR 5Ј-TAACCCGGGCTTCGTCGAATGTACGAG-3Ј), ahpC (ahpCf 5Ј-AGAAGGATCCGTTGAGAATACAAATCTTC-3Ј and ahpCR 5Ј-AGCAGAATTCCTTCTTCCCATTTAGCTG-3Ј), mrgA (mrgAf 5Ј-GGAGTGTATTAAATATGAG-3Ј and mrgAR 5Ј-CTACTGATGTTTGCATA C-3Ј), and sefA (sefAf 5Ј-CACCTGCAGCGGGGTGATTGAAGATG-3Ј and sefAR 5Ј-TAACCCGGGGAACGCGCTGCTAATTC). The hybridized filter was washed sequentially in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.1% (wt/vol) sodium dodecyl sulfate (SDS) at room temperature for 15 min and in 0.5ϫ SSC-0.1% (wt/vol) SDS at 68°C for 15 min. The bound probe was visualized using CDP-star (Boehringer Mannheim) according to manufacturer's protocol. Each experiment was repeated at least three times with equivalent RNA loadings of gels. Transcript profiles were similar in each case, and this was supported by densitometry of autoradiographs. Densitometric analysis of autoradiographs was performed using BioRad Quantity One software.
Expression of the S. aureus ferritin homologue in E. coli. The S. aureus ferritin homologue, ftnA was amplified by PCR using primers (FtnAXf 5Ј-CAGCATA TCAAGAGGTGTATCAAAATGTTA-3Ј and FtnAXr 5Ј-CACAAGCTTCCC AAATGCCTATCATGT-3Ј) and RN6390B genomic DNA as template. The resulting PCR fragment was digested with EcoRV and HindIII, purified with a PCR purification kit (Qiagen), and ligated into similarly digested and purified pET30a (Novagen). The resulting recombinant plasmid, pET30a/FtnA, was transformed firstly into E. coli XL1-Blue and subsequently into E. coli BL21 DE3. Protein expression was induced by addition of IPTG (isopropyl-D-thiogalactopyranoside) as previously described (16), and the recombinant protein was purified by electroelution from SDS-polyacrylamide gels for 18 h at 10 mA in 50 mM Tris-50 mM glycine-0.1% (wt/vol) SDS buffer (pH 8.8) using a Bio-Rad electroelutor.
Polyclonal antibody production. Antibody to electroeluted FtnA was produced in male Wistar rats. Electroeluted antigen was resuspended in sterile phosphate-buffered saline (PBS) and administered subcutaneously initially in Freund's complete adjuvant and 2 and 4 weeks later in Freund's incomplete adjuvant. Serum was collected 2 weeks after the third immunization.
SDS-polyacrylamide gel electrophoresis and immunoblotting. All samples were solubilized by boiling in Laemmli sample buffer (12) for 5 min. Whole-cell lysates of staphylococci were prepared by lysostaphin digestion as previously described (6) , and quantities of bacteria for digestion were standardized on the basis of measurement of optical density at 600 nm. Polypeptides were separated by SDS-polyacrylamide gel electrophoresis using a 4% (wt/vol) acrylamide stacking gel and 10% (wt/vol) resolving gel in a Bio-Rad Mini Protean II gel apparatus as previously described (3). For immunoblotting, polypeptides were transferred to BioTrace NT membrane (Gelman) followed by blocking in 3% bovine serum albumin as previously described (3). Membranes were incubated for 1 h in preimmune or immune rat serum diluted 1/1,000 (vol/vol) in PBS-0.1% (wt/vol) bovine serum albumin and 0.1% (vol/vol) Tween 20. After thorough washing in PBS, blots were incubated for 1 h with anti-rat horseradish peroxidase-labeled conjugate (Dako) (1/5,000 dilution in the above-described buffer). After washing in PBS, bound conjugate was detected using an ECL system (Amersham Pharmacia Biotech) according to the manufacturer's instructions. All experiments
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were repeated at least three times, and the protein profiles were identical in each case. aureus genome database has a predicted 48% identity and 67% amino acid similarity to the Bacillus halodurans ferritin protein and 33% identity and 54% amino acid similarity to the C. jejuni ferritin protein and was designated ftnA. The S. aureus ftnA sequence was then used to identify a single ferritin gene (sefA, for S. epidermidis ferritin) in the S. epidermidis unpublished genome database.
RESULTS

Identification of ferritin homologues in
The staphylococcal ftnA and sefA open reading frames encode putative polypeptides of 19.5 kDa, which are highly conserved between the two bacteria ( Fig. 1) . The staphylococcal ferritin homologues retain many of the conserved structural features of previously identified ferritins, including those amino acids identified in the eukaryotic ferritin H as participating in iron chelation and thus forming the ferroxidase center (Glu-17, Tyr-24, Glu-49, Glu-50, His-53, Glu-94, and Gln 127) (2), suggesting that the staphylococcal ftnA and sefA genes encode functional ferritin proteins (Fig. 1) . Our sequence analysis has shown that the ftnA and sefA genes appear to be monocistronic and are preceded by significantly different upstream sequences. These contain two putative Per boxes that are 104 bp apart in S. aureus, with nucleotide identity (14 and 16 of 17 nucleotides, respectively) to the S. aureus Per box consensus sequence, and two sequences that are 45 bp apart in S. epidermidis, with nucleotide identity (14 and 12 of 17 nucleotides, respectively) to the Per box consensus sequence (Fig. 2) . Most significantly, however, there is also a sequence with nucleotide identity (13 of 19 nucleotides) to the S. aureus Fur box consensus sequence in the S. aureus ferritin promoter that is not found in any of the other S. aureus and putative S. epidermidis PerR-regulated promoter sequences, including katA, a gene positively regulated by Fur (10). These observations suggest that ferritin regulation is likely to be more complex than previously reported (11) with possibly both Fur and PerR being involved in the regulation of S. aureus but only PerR regulating S. epidermidis ferritin expression.
Iron has an important role in the regulation of S. aureus ferritin expression. To generate an anti-FtnA antiserum for investigation of staphylococcal ferritin expression, the ftnA open reading frame was cloned into pET30a and expressed by induction with IPTG. A major polypeptide of 21 kDa was induced following addition of IPTG. Cell fractionation studies (data not shown) indicated that the polypeptide pelleted with the E. coli membrane fraction, suggesting membrane association or protein insolubility. The 21-kDa polypeptide was purified from SDS-polyacrylamide gels by electroelution and used to generate polyclonal antibody in rats.
Immunoblot analysis of staphylococcal cells grown for 18 h in CRPMI with anti-FtnA rat serum identified an antigenic polypeptide of approximately 21 kDa in S. aureus 8325-4 ( Fig.  3A) and the S. aureus strains BB and RN6390B (data not shown), which was upregulated in response to the addition of ferric citrate to the growth medium (Fig. 3A) . Ferritin expression was observed to be dependent on the growth phase of the cells, but interestingly, the maximal ferritin polypeptide levels detected changed depending on the growth medium used. In the relatively rich growth medium LB, maximum ferritin polypeptide levels were observed in 24-h stationary-phase cells (Fig. 3B) . However, in the severely iron-restricted CRPMI medium supplemented with 10 M ferric citrate, maximum It has previously been reported that ftnA is regulated by the manganese-dependent PerR repressor (11) . Since our previous studies have shown that expression of some S. aureus genes can vary significantly between strains grown in different media (17) , as part of our present investigation into further defining the role of iron and Fur in S. aureus ferritin regulation we have repeated the investigation of the effect of iron and manganese on ftnA expression using our culture condition; moreover, we have extended the previous investigation by determining the effect of the simultaneous addition of both iron and manganese on FtnA expression. Furthermore, we have used immunoblot and Northern blot analysis as our methods of assaying gene expression in S. aureus, as these complementary methods of assaying RNA transcript levels and translated proteins allow us to demonstrate if there is any posttranscriptional or posttranslational regulation of the ferritin polypeptide and show transcript levels directly instead of being reliant on the expression of a heterologous gene. Figures 3A and 4A and B show that ftnA expression is repressed in metal-deficient CRPMI growth medium and CRPMI with 10 M manganese added, as previously reported with CLR medium (11) . However, our studies demonstrate that the addition of both iron and manganese together resulted in induced levels of ferritin (Fig. 3A) , although iron alone results in a higher level of induction. This suggests either that iron relieves the PerR-manganese repression of FtnA or that manganese represses the activation effect of iron when iron and manganese are present together. Northern blot analysis of S. aureus total RNA has demonstrated that this effect of iron on the regulation of ferritin expression is occurring at the transcriptional level, as a 480-bp ftnA transcript was present in cells grown in the presence of iron or iron and manganese together, but not in cells grown under ironrestricted conditions or with manganese alone (Fig. 4B) , suggesting that in S. aureus, iron has a major role in the regulation of ferritin expression. Furthermore, we show that there is no posttranscriptional or posttranslational regulation of the ferritin polypeptide since there is no apparent difference in the regulation of ferritin at the transcript or translational level (Fig. 4) .
The regulation of S. epidermidis ferritin expression in response to metals is significantly different from S. aureus ferritin regulation. The S. aureus anti-FtnA serum also detected a 23-kDa antigenic ferritin homologue in S. epidermidis 901 (Fig. 3A) and a variety of other S. epidermidis strains (data not shown). Interestingly immunoblot analysis indicated that unlike S. aureus, S. epidermidis ferritin expression is not fully repressed under iron-restricted conditions, although its repression in response to manganese appears to be similar to that of S. aureus. In addition, although the S. epidermidis ferritin is induced in response to iron, this is to a much lower extent than that observed for S. aureus. All five laboratory and clinical isolates of S. epidermidis analyzed showed identical patterns of ferritin regulation to S. epidermidis 901 in the presence of iron and/or manganese (data not shown). Northern blot analysis of logarithmic S. epidermidis Tu3298 cells exposed to iron and/or manganese for 3 h before analysis shows that the variation in ferritin regulation and the lower level of sefA expression compared to ftnA is occurring at the transcriptional level (Fig. 3D ) and is not due to the S. aureus FtnA antisera reacting less well with the SefA polypeptide.
Repression of S. aureus ferritin appears to require both PerR and Fur. Our analysis of the ftnA promoter sequences Fig. 4C and D) and a twofold increase under metal-depleted (unsupplemented CRPMI) growth conditions. Moreover, ftnA expression in a perR mutant in the presence of both iron and manganese is comparable with that seen with iron alone, whereas in wildtype S. aureus a lower level of ftnA expression is observed under iron-and manganese-rich conditions compared to that seen with to growth in the presence of iron alone. Thus, these results suggest that PerR regulates ftnA under these growth conditions.
Interestingly, there appears to be additional PerR-independent regulation of ftnA under metal-depleted conditions since in a perR mutant, addition of iron and/or manganese resulted in a fourfold-higher level of ftnA transcription in comparison to the results seen with the unsupplemented medium ( Fig. 4C and D, compare lane 1 with lanes 2 to 4). Thus, these results suggest that ferritin regulation is far more complex than previously reported (11) and factors other than PerR and manganese have a role in the transcriptional regulation of ferritin in S. aureus.
Furthermore, these studies show ( Fig. 4E and F ) that ftnA expression is also constitutive in an S. aureus fur mutant (MJH010) although there is still a fourfold-lower level of ftnA transcription under metal-deficient growth conditions compared to that seen when iron and/or manganese is present. Immunoblot analysis with anti-FtnA serum (Fig. 4A, C , and E) reflected the overall pattern of ftnA expression detected by Northern blotting. Therefore, we have shown that both PerR and Fur play a role in the transcriptional regulation of ftnA in S. aureus and that there is additional regulation of ftnA under metal-depleted conditions.
Members of the S. aureus PerR regulon are differentially regulated in response to iron and manganese availability. It has previously been demonstrated that there are PerR consensus binding sequences in the promoters of ftnA, ahpC, and mrgA (11) . However, our sequence analysis of the promoter sequences of ftnA, ahpC, and mrgA has shown that there are significant sequence differences in these promoter regions. Most importantly, ftnA, as well as having two PerR consensus binding sequences, also appears to have a putative Fur binding consensus sequence, in contrast to the other PerR regulon components which only have PerR boxes. Moreover, there are differences in the number of putative PerR boxes, as ahpC only has a single PerR box whereas mrgA has two PerR boxes. These differences in the promoter sequences of the genes may indicate differential regulation of these genes by PerR and Fur. To investigate the role of Fur in controlling mrgA and ahpC expression and to determine whether other members of the PerR regulon are regulated differently from ftnA, Northern blot analysis was used. Figure 5 (panels i) shows that in S. aureus 8325-4 and in common with ftnA, the transcription of both ahpC and mrgA is repressed under manganese-rich growth conditions and induced in the presence of iron. However, there are differences between the transcription results seen with the ftnA, ahpC, and mrgA genes under other growth conditions. All genes are repressed under metal-depleted growth conditions, but there is a twofold-higher level of ahpC and mrgA transcripts than ftnA transcripts, indicating continued repression of ftnA under metal-depleted conditions that is not observed with ahpC and mrgA. In addition, although the presence of both iron and manganese results in induced levels of transcription of all three genes, there are significant differences in the level of induction observed between the different genes. There is a fourfold increase in mrgA and ftnA transcription in the presence of manganese and iron compared with that observed under metal-depleted conditions; however, there is only a twofold increase in transcription of ahpC in the presence of iron and manganese ( Fig. 4B; Fig. 5, panels i) .
Moreover, there is a differential response of these genes to both PerR and Fur. As described above, ftnA transcription is derepressed under both low-ion (CRPMI) and manganese-rich growth conditions in both perR and fur mutant strains, although there is still some repression of ftnA under low-ion conditions ( Fig. 4D and F) . In comparison, transcription of mrgA and ahpC is constitutive in a perR mutant strain under all growth conditions (Fig. 5, panels ii) . However, the most-significant difference is in the response of the genes to Fur. Transcription of ahpC is fully derepressed in a fur mutant under all growth conditions, although there is a twofold reduction in transcription when manganese is present (Fig. 5A,  panel iii) . In contrast, mrgA transcription is not constitutive in the fur mutant, since mrgA is still repressed in a fur mutant after growth in either CRPMI (no iron or manganese) or CRPMI supplemented with 10 M manganese (Fig. 5B, panel  iii) . However, there is a twofold decrease in the level of mrgA transcripts in the fur mutant compared with that seen with the wild type. Consequently, our data suggest that PerR regulon genes are differentially regulated by metal availability and that Fur is involved in the regulation of ftnA, ahpC and possibly mrgA. These results indicate that PerR regulation is far more complex than the perceived consensus (11), as iron and Fur significantly influence PerR repression.
DISCUSSION
Iron storage systems have been well studied in eukaryotes and some gram-negative bacteria, but much less is known about the iron storage mechanisms of gram-positive bacteria. Ferritin-like proteins have been described for Listeria innocua (5), but these proteins share homology with the mammalian L chain ferritins and the DPS family of stress-induced DNA binding proteins. In contrast to other members of the DPS family, the L. innocua ferritin-like proteins are able to store iron but are unable to bind DNA. This is consistent with a role for these proteins in iron storage rather than in protecting DNA against oxidative stress. S. aureus has an open reading frame with significant homology to the L. innocua Dps-like ferritin, MrgA, but comparison of the S. aureus amino acid sequence with both DPS ferritin-like and DNA-binding proteins suggests that in S. aureus MrgA is likely to function as a DNA-binding protein with an important role in oxidative stress resistance rather than a ferritin-like iron storage protein. The S. aureus and S. epidermidis ferritin proteins are highly conserved and have all the structural features of the eukaryotic heavy chain ferritins and the gram-negative ferritin molecules, suggesting that they function as staphylococcal iron storage proteins.
A previous report (11) has shown that in S. aureus ftnA, like other components of the PerR regulon, is induced by the presence of iron and is repressed under both metal-ion-deficient and manganese-rich growth conditions. The authors concluded that PerR was acting as a manganese-dependent transcriptional repressor of the oxidative stress response. However, our data show that PerR regulation is far more complex than described previously (11) , with our results showing that iron has a significant role in PerR regulation of ftnA, ahpC, and mrgA. The importance of iron in the regulation of ftnA transcription is indicated by the fact that when S. aureus cells are grown in the presence of both iron and manganese, ftnA expression is actually induced, although not to the same level as that observed when S. aureus is grown with iron alone. This suggests that there is still some PerR-dependent repression of ftnA when both iron and manganese are present or that manganese is repressing iron activation. However, Northern blot analysis of the perR mutant MJH001 demonstrates that transcription of ftnA is completely derepressed in iron-and manganese-grown cells compared with that seen with the wild type, suggesting that it is in fact continued manganese-PerR-mediated repression occurring under iron and manganese growth conditions. This influence of iron is also observed with other members of the PerR regulon, since both mrgA and ahpC are transcribed in the presence of iron and manganese although ahpC is not induced to the same degree as mrgA and ftnA, suggesting stronger manganese-mediated repression of ahpC than mrgA or ftnA or increased induction of mrgA and ftnA by iron. This influence of iron in the regulation of ftnA, mrgA, and ahpC suggests that there may be competition between iron and manganese for binding sites on PerR, such that when iron displaces or prevents manganese from binding to PerR, it prevents PerR from binding DNA. Thus, it is possible that the PerR-dependent repression of ftnA is dependent on the balance of intracellular iron and manganese concentrations, with increasing iron and decreasing manganese levels leading to increased expression of ftnA. At present, however, it is not known which metal forms of PerB bind DNA in S. aureus. It is also possible that changes in manganese and iron content may affect intracellular peroxide levels which in turn may influence S. aureus PerB binding of promoter DNA since the PerR regulon is also known to be induced by oxidative stress (11) .
During these investigations we have provided evidence to suggest that there is additional PerR-independent regulation of ftnA, as in the perR and fur mutant strains repression of ftnA still occurs under iron-deficient growth conditions. This additional regulation appears to be ferritin specific, as there is a low level of transcription of mrgA and ahpC under metal-depleted conditions in wild-type S. aureus that is not observed with ftnA and expression of mrgA and ahpC is fully derepressed in a perR mutant strain under all growth conditions. This additional level of regulation of ftnA may have physiological significance in that the presence of ferritin when iron conditions are low may be deleterious to the cell, as the ferritin may sequester iron, thereby preventing it from being freely accessible for important metabolic functions. This is supported by the observation that in a relatively iron-rich medium (LB), maximal FtnA polypeptide levels are observed in stationary-phase cells; however, in a severely iron-restricted medium (CRPMI) with only 10 M iron citrate there is a decrease in ferritin polypeptide after 24 h, indicating a possible depletion of extracellular iron resulting in a repression of ferritin expression.
Importantly we have shown that Fur is involved in the regulation of ftnA, ahpC, and mrgA expression, but interestingly the three genes appear to be differentially regulated by Fur. ftnA and ahpC expression is constitutive under manganese-rich and iron-restricted growth conditions in a fur mutant even with the presence of functional PerR although there appears to still be some repression of ahpC under manganese-rich conditions, which may correspond to a strong level of PerR regulation as indicated above. Interestingly, although mrgA expression is not constitutive in the fur mutant, there appears to be a decrease in the level of mrgA transcription, suggesting that Fur is involved in the positive regulation of mrgA. Thus, these results indicate that there is differential regulation of the PerR regulon components in response to iron and manganese availability mediated via PerR and Fur.
If both PerR and Fur regulate ftnA and ahpC, it is not yet clear how ferritin expression is constitutive in both perR and fur mutants when there are still functional Fur and PerR proteins present in the respective mutant strains. Moreover, if Fur is involved in the repression of these genes this is occurring under iron-restricted conditions, and this may seem unlikely as Fur is usually considered an iron-dependent repressor, al-though recently it has become apparent that Fur is responsible for the negative regulation of H. pylori ferritin under ironrestricted conditions (4) . It is also possible that Fur is indirectly repressing transcription through the action of a small RNA such as RyhB in E. coli (15) .
Differential regulation of genes in the B. subtilis PerR regulon has also been reported recently (7) . Most components of the B. subtilis PerR regulon are repressed in response to the presence of manganese and iron, while some are manganese specific (7, 9) . As with S. aureus it is not clear which factors are important for the differences in regulation between B. subtilis PerR components, but it has been suggested that there are distinct metal forms of PerR (Fe-PerR and Mn-PerR) that may differ in DNA target selectivity. Our sequence analysis has shown that there are significant sequence differences in the promoter regions of ftnA, ahpC, and mrgA. Most importantly ftnA appears to have a putative Fur binding consensus sequence in contrast to the other PerR regulon components. These have only PerR binding consensus sequences; ahpC has only a single PerR consensus binding sequence in both S. aureus and S. epidermidis, and mrgA has only one PerR box in S. epidermidis but two PerR boxes in S. aureus. It could be that Fur directly represses ftnA expression under low-ion conditions but may have an indirect role in the regulation of ahpC. It is also possible that the induction of ftnA and ahpC we noted in the fur mutant is due to increased intracellular iron levels affecting PerR repression and that the differential response of ahpC and mrgA to Fur may be due to the metal dependency of PerR binding and promoter sequences having a major role in defining PerR binding specificity to the different PerR regulon genes. It is clear from our studies that both Fur and PerR regulation is extremely complex and that we need more information to clarify their relative roles in regulating ftnA, ahpC, and mrgA expression. It will be important to establish if Fur is directly involved in ftnA and ahpC regulation, and it will be necessary to determine which features of PerR-regulated promoter sequences are important for differential regulation of these genes.
Our sequence analysis also revealed significant differences between the S. aureus and S. epidermidis ferritin promoters, with only the S. aureus promoter containing a consensus Fur binding sequence. The results presented here show that there are indeed significant differences in the pattern of expression of the S. aureus and S. epidermidis ferritins, as unlike ftnA, sefA is derepressed under iron-restricted conditions. Manganese repression is similar in both bacteria, as is the induction of ferritin under iron-rich conditions, although sefA is expressed at a significantly lower level than ftnA. It is presently unclear why there is this difference in ferritin expression and whether this has any implications for staphylococcal physiology and virulence. In fact S. aureus and S. epidermidis have very different iron requirements, with S. epidermidis requiring significantly higher iron levels to sustain growth in vitro than S. aureus (13; unpublished observations). This may be due in part to the derepressed levels of ferritin present in S. epidermidis under iron-restricted conditions storing free intracellular iron so that it is unable to be utilized for metabolism. If this were the case then it could also explain why there is an additional mechanism of regulation of ftnA under low-ion conditions, and this physiological difference between the two bacteria may be a significant factor contributing to the ability of S. aureus to more readily cause serious systemic infections where iron restriction may be further exacerbated.
The results reported here show that iron-responsive gene regulation in S. aureus and S. epidermidis is very complex and that the roles of Fur and PerR in gene regulation in S. aureus are not as simple as previously reported, and therefore these results have major implications on the currently perceived consensus of PerR and Fur regulation in S. aureus. Most importantly, we have shown that iron plays the key role in PerR regulation of ftnA, ahpC, and mrgA and hence the S. aureus oxidative stress response.
